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ABSTRACT
In this work, ZnO nanorods were synthesized on the silicon substrates in a solution of zinc nitrate hexahydrate and methenamine at
~850C for 1 for 3 hours, and one for five times. The concentration ratio of zinc nitrate hexahydrate to methenamine is 1:1. The
concentrations of zinc nitrate hexahydrate are 0.025M, 0.05M, 0.1M, 0.2M and 0.3M, respectively. It is observed from EDS
spectroscopy analysis that the nanorods are composed of zinc and oxygen. The atomic ratio for zinc to oxygen is close to 1:1. The
XRD pattern of ZnO nanorods at 26 = 31.770, 34.420, and 36.250 indicates three reflection peaks of hexagonal wurtzite structure,
(100), (002), and (101), respectively. It has been shown that the ZnO nanorods are of single hexagonal phase of wurtzite structure.
Moreover, SEM images reveal that the size (including average diameter and length) of nanorods increases with increasing zinc
nitrate hexahydrate concentration. The average diameter increases from ~2800nm to ~755nu m. The surface density of ZnO
nanorods also increase with increasing zinc nitrate hexahydrate concentration. Furthermore, the appearance of individual nanorods
and the formation of clusters varied with the concentration of zinc nitrate hexahydrate as well. The development and application of
ZnO in dye sensitized solar cells are introduced in this paper. Attentions are especially paid on the recent developed methods
including low temperature hydrothermal method to prepare the ZnO nanorods. The advantages and disadvantages of ZnO working
electrode which were prepared with different growth conditions are compared. The effects of working electrode with nano-scale
structure on electron transport and conversion efficiency are also discussed. The future development in dye sensitized ZnO solar cells
is not only exploring new methods and technologies for fabricating electrodes of ZnO nanorods, but also synthesizing novel
composite electrode increase the solar-to-energy conversion efficiency.

Keywords : ZnO nanorods ; zinc nitrate hexahydrate concentration ; size of ZnO nanorods
Table of Contents

oo ooooboooooobooooooboooobobooooobOoOomwobooboooooboboboooDoo
0000000000 ObDivABSTRACTOUDODOOOODODOOOOOODOOOOOOOoOOovibOOoboboooooo
oooooobooooobooOoOobviiDOOobOOoOoOoOooOooOoooOobOoboboobOoboobOODixooDoDo
o000bOO0b0O00obO0obOo0o0b0ooOooDOxiDOOobOo0oO0obO0bOO0OO0bOo0ooOoDoOoboOoOoDODxy
gooobooobooboboobooboobobooobonLznOOOoobooboobobooboobOoDoe
l2 000000000000 DO0O00DO0ObOObDOO0O313.ZnO0 00 00bO0O0bOoO0bOobDbOOobDOoOoDOs14.
oooobooboobobooboobooboebboooboobznOo00boobOooboboboOoDbD1i21.@d
oooobznOOOOOO0ODOO0ODOODOODO12000000000D0O0ODODOODOODOODODOL93.1.
oooobo0oboboboboooboooboobOoes32.znOo00ooDbooooobooboboboboooDba223.2.1.
0000b00ob0obOb0oboo0oboobop223220000000000000DO000O0OD0O0O23323.000
00DOEevDODOOOoO0oOO00O00024324.0000000KRPVDIODOOOODOODOO0ODO24325. 00000000
Oo0o00boooboboboboo2s33.J0gubooboooobooboobuobobu2e34.0000b000DbD0ODO
U000bo0obo0ooboobo29341. 0000000000000 00O0ODOO0OO29342. 00000000000
OO00000000030343. XO0000OMXRDDOOOOOOOOOOOO323s5.000000000000DO0OO
obooobooos33e0b0ib0oooboOooooboboooobOobo#3r.ooboooobobobooooboon
ooooogssss.oinoooooooooooobooooooobooss g oooboooooboboooooo
gboogbgo4041.00000000zZnO00000000000D0O41411.00000000Zn00000000
cooooseEmooooOoooDooOoooooOooooodU41412.00000000znOO0000DOOOOODO
OEDS)ODOOD0D0ODO0OO0OODOO0O0OODODO0OD46423.00000000zZznO000DOXOOOOXRDUDOO
ooooboOobo0ooooboboOoooobOono48414 0000000 ZnOUOOODODOFRICODODOOO
gboooboobobbobooboosi42.00b00o0boznO0ObD0O0ODO0ODbDOO0ObOODS3421. 00000
OznOOUOOOOODOOOOOOGEMUOOODOODOOODOODOOOOODOODOOOsR3422.0000002zZnOO0O
O000D0O00OO0OOEDbDS 0 OOO0OO00OOO0DOO0O0O0DOOobOOoOooOoDnse423.000000znO000OOXOO



O0O0XRD)ODO ODODOOOODODOODOOUODOODOOOOODOOSR8424000000zZnO00000000O(FROODO
Oo0o00obo0obOobbOobOo0obo0obooboboec43.0b0znO0O0DbO0DDODODOODOODOGY
431.0000znO000000ODOOOOOOGEMUODOODOOOODOODOODOODOODOOODOODOB243.2.0
O0D0znOUOODOODOOODODOOEDS) DO O0OD0ODOODOOO0ODOODOODODOODOOOE64.33.00002zn0O0
O00OXODODOOMXRDODO68434.0000zZnO000000O0O0OFANODODOODOOODOODOODOOODOODOOD
goooboobgobo7boo0oobooboboboboooboobobDboobDo2oobooDbooDooboooo
ooooboobooooobooysodb b2-1seMODOOO0OOODOOO0OOODOOOOOODOobDOoO0ooOoOgznOOOd
oboooboobooooobooooboyoz2seMOUO OO0 oooobooooooboooobooog
OznOUDOOOOODOOOOODODOOODO17O23000zZnO000000000D000zZnO00O0O0OXRDOOODOO
gboooboobobobobooboobgisgs-1ipsschuognooooooooboobooobgobo2103-20
gbooobgoznOLDO0OD0O0DODOOODO02303300000000L000O0ODOO0ODLDO0DbOoObOODbDO?24
03-4znO0O0O00OO0OO0O0DOO0DOODOOODOOODOO0ODb27O3-5SO0000000O0000O0DOO0ODOO0ODO0O0n
gboog3lgseXgooooooobooboooboobooboboo3os-rgoooobooooooobooooon
gooobgoobgseds3-sponooooooooobolrvobbobooboooobgos3sus3s-snugnouoonpoooboonoo
gboooboobobbob vo4100000000000000Zn00000SEMOO4304-200000000O
gooobodznOOOOOSEMOD44 04300 0000000ZnO00000000000000O4504-400000
gboodznOU0DO0OO0OO0ODO0ODOOD4604-5000000000000ZnO0000000000O00O00DOO0ODOO
00000000000 DO0000DO0O04704-60XRDOOOOODOOA997JCPDS-ICDD:36-1451)0 0000000
O000b000b0o0bOobOo0b000obD4D4-7000000D0O0OD0OODZnOO0DOOXRDODOO4904-800
oooobgogoznOOOOOSEMOUOODOODOODODOODOODODDODODODOODOODOObOODODOS04-90
ooooboobdgznoUbgogogpsscUl-vbooboobobobooboooboobuobobobboobogs2zgs-10
oooobgoznOODOOobOSEMOODODDOODODOODOODODODDOODODOODOODOODOODOODbDOODOS404-12
gooobgoznOODOUOOSEMOODDODODOODOODODDOODODOODODOODOODODOODOObDOOOS504-12
ZnOO0 000000 DO0ODOO0O0ODO0O0b0ObDbOOoDbDOosSs0d4-13Zn00000000000O00O0ODODO0ODODOODOOBOS6
04-140000000zn0O000000000000ODO0O0OS704-150000000zn000000000XRDODO
oos904-160000000zZznO0000O0OODSSCOI-vOOOOoOoooooooooboooooobooooooboo
gelbi417ooopboooznooooSsEMOOOOO0DOOOOODODOOOODOODOOOODODOODOODOO
obe3l4-180 000000 zZnOOOODOSEMOOIDOUODOOOODODOOOODOODOOOODODOODOODOO
gbooed4d4-100000000ZnO0DO0ODOOODOO0ODOOO0ODOODOGD4200000000zZnOU0O00O00OODOO
gboogbgoesi4210000000000ZnO000000O00O0DOO667TH4-220000000ZnO0O00O
OXRDOOODOOODOO6O4-23000000000ZnO000000DSSCOI-vOOOOODOoOooDOooooooOoO
goooboobobbonnobo bl10obooboboobooboobobboboobosbo-2g0bOon
goooboobobbobooboobolotz-lbgbooboobobboboobooboboboOoDiso22
gboooboobobbooboobuoobooboobol40s3-1oobboobo0oboobobDoobDo0obOoobo
2803200000000 000000O000O0O0O0ODO0OD2804-1000000DO0O0O0OZnOO0OODOOO
0b0o0o0db47D4-200000000zZn0O0000000000XRDOOOOOOOODOOODOODODOODODOODOO
oooobogsig43bgbooonooobogznooggogopsscobognooobooobooboboobooobnoon
oooobgos20440000000Zn000000000O000O0ODODOOOS8O4-5000000zZnOo00DbDOOO
OO00O0OXRDOOOORO4-60 00 0000ZnO0DOOODOODSSCOOOODOODOOOoOoOobooboobon
oo0o0oboobobbuoeod470O0DbO0ODZROOU0DO0ODOODDODOODOORIO48ODODODOOZNO
O0O0O0OXRDOOODOODOOODOOD4900000DO0O0OOZnOOODOODOODSSCOO0OOOoDOooooobuoobo
oooobooobooboobonoTo

REFERENCES

[1] H. Gerischer, H. Tributech & B. Bunsenger,. Phy. Chem., 73(1), 251-256 (1969).0]

[2] M. Matudnmura, Y. Nomura, H. Tsubomura, Nature, 261(5559), 402-403 (1978).00

[3] M. Matudnmura, S. Matsudaira, H. Tsubomura. Ind Eng. Chem. Prod. Res. Dev., 19(3), 415-421 (1980).00

[4] G. Redmond, D. Fitzmaurize, & M. Gratzel, Chem. Mater., 6(5), 686-691 (1994).00

[5] H. Redmond, K. Keis & S. Lindstrom, et al. J. Phys. Chem. B, 101(14), 2598-2601 (1997).00

[6] K. Keis, E. Magnusson, A. Hagfeldt, et al. Sol Energy Mater. Sol. Cells, 73(1), 51-58 (2002).00

[7] K. Kakiuchi, E. Hosono, S. J. Fujihara, Photochem. Photobio. A. Chem., 179, 81-86 (2006).0]

[Bl0C00(ZengLY), 000 (DaiSY), 00O O(Wang KJ)O, OO O O (Acta Physica Sinunald , 2005, 54 (1): 53-55 [9] A. B. Kashyout, M.



Soliman, M. E. Gamal, et al. Mater. Chem. Phys., 90(2/3), 230-233 (2005).00

[10] M. Law, L. E. Greene, P. D. Yang, et al. Nat. Mater., 4(6), 455-459 (2005).00

[11] E. Hosono, S. Fujihara, H. S. Zhou, et al. Adv Mater., 17, 2091-2094 (2005).00

[12] Baxter J B, Aydil E S. Appl. Phys. Lett., 2005, 86 (05): art. no. 053114.00

[13] J. B. Baxter & E. S. Aydil. Sol. Energy Mater. Sol. Cells, 90(5), 607-622 (2005).00

[14] M. Guo, P. Diao, X. D. Wang, et al. J. Soild State Chem., 178(10), 3210-3215 (2005).00

[15] M. Guo, P. Diao, S. M. Cai, Appl. Surf. Sci., 249, 71-75 (2005).0

[16] J. Cembrero, A. Elmanouni, B. Mari, et al. Thin Soild Films, 451/452, 198-202 (2004).0

[17] W. U. Huynh, J. J. Dittmer, & A. P. Alivisatos, Science, 295(5564), 2425-2427 (2002).00

[18] J. M. Wang, L. Gao, J. Cryst. Growth, 262, 290— 294 (2004).0

[19] S. Liang, H. Sheng, Y. Liu, Z. Hio, Y. Lu, H. Shen, J. Cryst. Growth, 225, 110 (2001).0

[20] N. Golego, S. A. Studenikin, M. Cocivera, J. Electrochem. Soc., 147, 1592 (2000).00

[21] K. Keis, L. Vayssieres, S. -E. Lindquist, A. Hagfeldt, Nanostruct. Mater., 12, 487 (1999).00

[22] H. Cao, J. Y. Xu, E. W. Seelig, R. P. H. Chang, Appl. Phys. Lett. 76, 2997 (2000).00

[23] Z. W. Pan, Z. R. Dai, Z. L. Wang, Science 291 (2001) 1947.00

[24] Y. C. Kong, D. P. Yu, B. Zhang, W. Fang, and S. Q. Feng, Appl. Phys. Lett., 78, 407 (2001).00

[25] J. H. Choi, H. Tabata, T. Kawai, J. Cryst. Growth, 226, 493 (2001).00

[26]J.Y. Lee, Y.S. Choi, J.H. Kim, M. O. Park, S. Im, Thin Solid Films, 403, 553 (2002).0]

[27] W. I. Park, D. H. Kim, S. W. Jung, and G. Yi, Appl. Phys. Lett. 80, 4232 (2002).00

[28] C. L. Wu, Li Chang, H. G. Chen, C. W. Lin, T. F. Chang, Y. C. Chao, J. K. Yan, Thin Solid Films, 498, 137 (2006).00

[29]0 0019970 00 0000000000000 0D00N00D00N00N00ooooooooooog

[30]0 0019970 0 0000000000000 0ooooooogg

[31]0 0019960 0 0 0 0000000000000 0N0NNooooonooog

[321000((001) 000 000000D0OD0OO0OO0OO0OO0OOOOOOO

[33] Pearson’ s Handbook of Crtstallographic Data, 4795.00

[34] Y. Chen, D. M. bagnall, H. Koh, K. Park, Z. Zhu, T. Yao, J. Appl. Phys., 84, 3912 (1998).00

[35] Z. K. tang, G. K. L. Wong, P. Yu, M. Kawasaki, A. Ohtomo, H. Koinuma and Y.Segawa, Appl. Phys. Lett., 72, 3270. (1998).00

[36] D. C. Reynolds, D. C. Lock and B. Jogai, Solid State Commun., 99, 873 (1996).00

[37] D. M. Bagnall, Y. F. Chen, Z. Zhu, T. Tao, S. Koyama, M. Y. Shen and T. Goto, Appl. Phys. Lett., 70, 2230 (1997).00

[38] Sung-Hak Yi, Seung-Kyu Choi, Jae-Min Jang, Jung-A Kim, Woo-Gwang Jung, “ Low-temperature growth of ZnO nanorods by chemical
bath deposition” , Journal of Colloid and Interface Science 313 (2007) 705— 710.00

[39] M. Y. Gea, H. P. Wua, L. Niua, J. F. Liua, S. Y. Chenb, P. Y. Shenc, Y. W. Zenga, Y. W. Wanga, G. Q. Zhanga, J. Z. Jianga,

“ Nanostructured ZnO: From monodisperse nanoparticles to nanorods” Journal of Crystal Growth 305 (2007) 162— 166 [40] D OO 00O 0O
goOoOoOoOoOoOoOOOOOOOOCOOCObOOOCObOCObOObOOO2007CO

[41]0000000000000000* 00000000 02o00400

[42] A. Hagfeldt & M. Gratzel, “ Light-Induced Redox Reactions in Nanocrystalline Systems, Chem. Rev. 49, 95 (1995).00

[43] M. Gratzel, * Mesoporous oxide junctions and nanostructured solar cells, Current Opinion in Colloid & Interface Science 314, 4 (1999).00
[44] K. Kalyanasundaram & M. Gratzel, “ Applications of functionalized transition metal complexes in photonic and optoelectronic devices” ,
Coord. Chem. Rev. 347, 77 (1998).00

[45] Xin-Tong Zhang, Hong-Wu Liu, Taketo Taguchi, Qing-Bo Meng,Osamu Sato, Akira Fujishima, “ Slow interfacial charge recombination in
solid-state dye-sensitized solar cell using Al203-coated nanoporous TiO2 films” , Sol. Energy Mater. Sol. Cells, 197, 81 (2004).00

[46] David Cahen, Gary Hodes & M. Gratzel, “ Nature of photovoltaic action in dye-sensitized solar cells” , J. Phys. Chem., 2053, B 104 (2000).0]
[47] Zuowan Zhou, Weiming Peng, Shaoying Ke, Hai Deng, Journal of Materials Processing Technology, 89, 415 (1999).0

[48] Minoru Satoh, Norio Tanaka, Yoshikazu Ueda, Shigeo Ohshioand Hidetoshi Saitoh, Japanese Journal of Applied Physics, 38, L586 (1999).00
[49] Michael H. Hwang, Science, 292, 1897 (2001).00

[50] Y. W. Wang, L. D. Zhang, G. Z. Wang, X. S. Peng, Z. Q. Chu, Journal of Crystal Growth, 234, 171 (2002).00

[51] P. Yang, H. Yan, S. Mao, R. Russo, J. Johnson, R. Saykally, N. Morris, J. Pham, R. He, H. -J. Choi, Advanced Functional Materials, 12(5),
323(2002).0

[52] Seung Chul Lyu, Ye Zhang, Hyun Ruh, Hwack-Joo Lee, Hyun-Wook Shim, Eun-Kyung Suh, Cheol Jin Lee, Chemical Physics Letters, 363,
134 (2002).0

[53] Seu Yi Li, Chia Ying Lee, Tseung Yuen Tseng, Journal of Crystal Growth, 247, 357 (2003).0J

[54] M. J. Zheng, L. D. Zhang, G. H. Li, W. Z. Shen, Chemical Physics Letters, 363, 123 (2002).00

[55] Yuan-Chung Wang, Electrochemical and Solid-State Letters, 5, C53 (2002).0



[56] L. Vayssieres, K. Keis, A. Hagfeldt, S. E. Lindquist, Chemistry of Materials, 13, 4395 (2001).00

[57] J. Q. Hu, Synthesis of uniform hexagonal prismatic ZnO whiskers, 14, 1216 (2002).00

[58] M. J. Zheng, L. D. Zhang, G. H. Li, W. Z. Shen, Chemical Physics Letters, 363, 123 (2002).00

[59] Y. C. Wang, I. C. Leu, M. H. Hon, Electrochemical and Solid-State Letters, 5, 4, C53 (2002).00

[60] R. F. Service, Science, 895, 276 (1997).00

[61] R. A. Laudise, A. A. Ballman, J. Phys. Chem. 64 (5) 688 (1960).00

[62] H. Ohta, M. Orita, and M. Hirano. J. Appl. Phys., 89(10), pp. 5720-5725 (2001).00

[63] H. Kawazoe, M. Tasukawa, H. Hyodo, M. Kurita, H. Yanagi, and H. Hosono. Nature (London) pp 939-942 , 389 (1997).00

[64] Atsushi Kudo, Hiroshi Yanagi, Hideo Hosono, and Hiroshi Kawazoe, Appl. Phys. Lett. pp. 220-222, 73 (2) 1998.0

[65] Y. R. Ryu, W. J. Kim, H. W. White J. Crystal Growth 219 , pp 419-422, (2000).00

[66]0 0000000000000 0O0ODODOO0O0O0O0O (200000

[67] H. Nagayama, H. Honda and H. Kawahara, J. Electrochem. Soc., 135, 2013 (1988).00

[68] S. Deki, Y. Aoi, O. Hiroi and A. Kajinami, Chem. Lett., 433 (1996).00

[0 000000000000 DOO 2030919700

[70] A. Key and M. Gratzel, “ Low cost photovoltaic modules based on dye sensitized nanocrystalline titanium dioxide and carbon powder” , Sol.
Energy Mater. Sol. Cells, 44, 99 (1996).00

[71] A. Zaban, J. Zhang, Y. Diamant, O. Melemed, and J. Bisquert, ” Internal reference electrode in dye sensitized solar cells for three-electrode
electrochemical characterizations” , J. Phys. Chem. B, 107, 6022 (2003).C]

[72100000 0000000 000000000 O0200200

[73] Z. Chen, L. Gao, J. Cryst. Growth, 293, 522 (2006).0]

[74] S. H. Yi, S. K. Choi, J. M. Jang, J. A. Kim, W. G. Jung, J. Colloid Interface Sci., 313, 705— 710 (2007).00

[75] D. Vernardou, G. Kenanakis, S. Couris, A. C. Manikas, G. A. Voyiatzis, M. E. Pemble, E. Koudoumas, N. Katsarakis, J. Crystal Growth,
308, 105— 109 (2007).



